2 NADP + -dependent isocitrate dehydrogenase (IDH) isozymes of a psychrophilic bacterium, Colwellia psychrerythraea strain 34H, were characterized. The coexistence of monomeric and homodimeric IDHs in this bacterium was confirmed by western blot analysis, the genes encoding two monomeric (IDH-IIa and IDH-IIb) and one dimeric (IDH-I) IDHs were cloned 5 and overexpressed in Escherichia coli, and the three IDH proteins were purified.
thermophilus,
2) Bacillus stearothermophilus 3) and Rhodopseudomonas spheroides 4) have been found to be dimeric, while those of Azotobactor 10 vinelandii, 5, 6) Corynebacterium glutamicum, 7, 8) Rhodomicrobium vannielii 9) and
Vibrio parahaemolyticus 10) are monomeric. On the other hand, psychrophilic bacteria, Colwellia maris (formerly, Vibrio sp. strain ABE-1) and Colwellia psychrerythraea strain NRC1004, and a psychrotrophic bacterium, Pseudomonas psychrophila, have been reported to possess both of the two type 15 IDHs. [11] [12] [13] [14] In C. maris and C. psychrerythraea strain NRC1004, the dimeric Furthermore, the two IDH isozyme genes of these bacteria are located in tandem with the monomeric IDH genes followed by the dimeric ones on the chromosomal DNAs 13,15) ( Fig. 1 ), but the expressions of the two IDH isozyme genes are independently regulated by different promoters. In the case of C. respectively. 16) Furthermore, the IDH-II has higher catalytic activity than the IDH-I. Therefore, the IDH-II has been thought to play an important role in cold adaptation of C. maris. On the other hand, in C. psychrerythraea NRC1004, the activity of cold-adapted monomeric IDH was much lower than that of mesophilic dimer-type IDH, and the latter maintained higher activity even at low A psychrophilic bacterium, Colwellia psychrerythraea strain 34H, the type species of the genus Colwellia belonging to class gammaproteobacteria, has been isolated from Arctic marine sediments, 17) and the complete genomic sequence has been determined. 18) as optimum temperature and thermostability, and the expression of the icd genes in the E. coli cells were examined.
5

Materials and methods
Bacteria, plasmids and growth conditions. The psychrophilic bacterium,
5
Colwellia psychrerythraea strain 34H, was grown at 10 o C with vigorous shaking in Marine Broth medium (Difco). E. coli XL1-Blue (Stratagene) was used to propagate plasmids, and a mutant of E. coli defective in IDH, DEK2004, 19) which has a glutamate auxotrophic phenotype, was used as a host for overexpression of the C. psychrerythraea 34H IDH genes.
10
Morpholinepropanesulfonic acid (MOPS)-based synthetic medium 20) supplemented with 0.5% glucose and 0.5 mM Trp, Luria-Bertani (LB) medium, 21) and Super broth medium 13) are used for growth of these E. coli experiments. Protein concentration was measured by the method of Lowry et al. 22) using bovine serum albumin as a standard.
Western blot analysis. SDS-PAGE 23) of crude extract of the C.
psychrerythraea 34H cells was carried out on 10% polyacrylamide gel at 120 V.
5
The proteins on the gel were then transferred onto a polyvinylidene fluoride membrane (Immobilon-P, Millipore) at 4 o C, according to the manufacturer's instructions. Western blot analysis was carried out as reported previously 24) except for using rabbit antibodies against the purified IDH-I and IDH-II of C. maris 25) diluted to 1:30,000 and 1:50,000, respectively.
10
Cloning of the IDH isozyme genes. Genomic DNA of C.
psychrerythraea 34H was isolated and purified with FastPure DNA Kit (TaKaRa). For the cloning of IDH isozyme genes, genomic PCR was carried out as described below. The forward primers, IIa-around-f, IIb-around-f and 
20
Construction of genes encoding His-tagged IDHs of C. psychrerythraea
34H. The icdIIa, icdIIb and icdI genes of C. psychrerythraea 34H were amplified by PCR to introduce restriction sites for BamHI and SacI at the 5' and 3'-terminals of their ORFs, respectively. Therefore, the following primers were used: IDH-IIa-f and IDH-IIa-r as forward and reverse primers for icdIIa,
25
IDH-IIb-f and IDH-IIb-r as forward and reverse primers for icdIIb, IDH-I-f and IDH-I-r as forward and reverse primers for icdI, respectively (Table 1) . conferring the N-terminal (His) 6 -tag on the expressed proteins, to obtain plasmids pHisCp34IDH-IIa, pHisCp34IDH-IIb and pHisCp34H-I, respectively.
Precise insertion of these genes into the vector was certified by the nucleotide sequencing as described above. solution was concentrated and then dialyzed as described previously. 27) All
His-tagged recombinant IDHs were stored at -30 o C.
Enzyme assay. The IDH activity was assayed as reported previously.
11)
The reaction mixture (2 mL) contained 33 mM Tris-HCl (pH 7.5), 0.67 mM 
Results
15
Thermal properties of the IDH activity in crude extract of C.
psychrerythraea 34H and Western blot analysis
IDH activity in crude extract of C. psychrerythraea 34H grown at 10 o C was assayed at various temperatures ( Fig. 2A) . IDH in the crude extract showed respectively. These results indicate that at least both of the two type IDH isozymes are present in the crude extract of this bacterium.
Expression of the C. psychrerythraea 34H IDH isozyme genes
Two monomeric IDH gene ORFs (icdIIa and icdIIb) and one dimeric IDH 
15
Properties of His-tagged IDH isozymes
The icdIIa, icdIIb and icdI genes were introduced into the expression vector, pTrcHisB. The IDH proteins conferred the N-terminal His-tags, which consist of 32 amino acid residues containing six His residues, were 20 overexpressed in the E. coli DEK2004 cells and then purified by Ni-affinity column chromatography. SDS-PAGE of the purified His-tagged IDHs revealed that each major protein has a slightly larger molecular mass than that calculated from the nucleotide sequence of the gene because of the additional amino acid residues by the His-tagging at N-terminal (Fig. 4) . When the IDH-IIa was 
Discussions
25
The three IDH isozyme genes of C. psychrerythraea 34H, icdIIa and 13 icdIIb encoding the two monomeric IDHs and icdI encoding the dimeric IDH, were cloned in this study. From the determined genome sequence of this bacterium, 18) it was found that the two genes, icdIIa and icdI, are located in tandem with the former followed by the latter, similarly to C. maris and C.
psychrerythraea NRC1004, while the icdIIb is located far apart in opposite 5 direction on the chromosomal DNA (Fig. 1) . Therefore, the icdIIa gene of C.
psychrerythraea 34H is appeared to correspond with the monomeric IDH genes of C. maris and C. psychrerythraea NRC1004. On the other hand, the icdIIb gene might be added by horizontal transfer of IDH gene from other organism or gene duplication. As data for supporting this possibility, the amino acid 10 sequence of IDH-IIa showed higher degrees of homology to the monomeric
IDHs from other bacteria than that of IDH-IIb, particularly 92% of the sequential identity to the C. maris IDH-II (Table 2) . Furthermore, the amino acid residues involved in the binding of substrate, metal ion and coenzyme were completely conserved in the three IDH isozymes of C. psychrerythraea 34H.
15
Similarly to C. maris and C. psychrerythraea NRC1004, the one dimeric and both of two monomeric IDHs of C. psychrerythraea 34H were mesophilic and cold-adapted enzymes, respectively (Fig. 4) . However, specific activities of the two monomeric IDHs were considerably lower at all temperatures tested than that of the dimeric IDH. Similar results have been reported in the IDH 20 isozymes from C. psychrerythraea NRC1004. 13) In contrast, the cold-adapted monomeric IDH-II of C. maris showed much higher activity than the mesophilic dimer-type IDH-I. 11, 12) Therefore, the mesophilic IDH-I is suggested to contribute to the growth of C. psychrerythraea 34H.
From colony formation of the E. coli DEK2004 transformant carrying 
71％
Values indicate percentages of the identical amino acid residues between the amino acid sequences of two type IDHs. 
